Electron-spin relaxation times in 3D and 2D p-type GaAs are studied. Calculation of impurity densities and charge state of magnetic acceptors demonstrate the essential composition of the material. Comparison of theoretical and experimental data in optical-spin orientation of electrons reveal the longest spin relaxation time of 77 ns in 2D GaAs:Mn, which is less than twice the best time in the p-type 3D GaAs material.
Introduction
The material p-type GaAs has been actively studied from different perspectives 1, 2, 3 , and GaAs:Mn has been considered for a long time as a prominent material for spintronics applications 4, 5, 6 . My examination of the p-type GaAs is related to determination of the composition of the material withthe experimentally-determinedprolonged electron-spin relaxation time. This method involves theanalytical calculation of the concentrations of deep and shallow impurity concentrations and and respectively, as well as the consequential fitting of a plot of the dependences of spin relaxation times on excitation power for 3D and 2D ptype GaAs based on the experimental measurements of the long-spin relaxation time in the 3D a) E-mail: nikabour@mail.ioffe.ru 2 material. The result revealsthe best long-spin relaxation time of 77 ns for the quantum well, which is less than twice the atypically long-spin relaxation time in the 3D p-type GaAs:Mn 7 .
Calculation of impurity concentrations in GaAs:Mn
Mn-doped GaAs is a magnetic, partially-compensated acceptor-type semiconductor. To evaluate the composition of the material, I started with calculations of deep impurities of manganese as well as shallow impurities of donors and acceptors based on available concentrations of holes in the valence bands obtained from Hall measurements at 1 = 300
and 2 = 77 . The calculation of impurity concentrations were performed as follows.
The charge neutrality condition for a partially-compensated acceptor semiconductor of GaAs:Mn is 
where ( ) is the effective density of states in the valence band, 0 and 1 are the degeneration factors of an empty acceptor impurity center of Mn (occupied with an electron) and filled acceptor impurity center of Mn (occupied with a hole), and are the activation energies of deep and shallow acceptors, respectively, and is the Boltzmann constant.
Knowing the value of ( = 25 -30 meV), the charge neutrality condition can be simplified. The comparison of the experimental hole concentrations (Table 1) . Thus, the charge neutrality condition for the partially-compensated semiconductor of GaAs:Mn can be rewritten as
The system of equations for temperatures 1 and 2 from the condition (3) will be , and in which condition the 3d valence subshell of a Mn ion has five electrons. The Hamiltonian of the exchange interaction of Mn ion electrons and a hole bound with the ion is ̂=̂ [ 8] , where is the interaction constant and is the spin of a hole, = The degeneration factors of Mn filled centers, therefore, are 1 ( 1 ) = 15.98 and 1 ( 2 ) = 7.37.
The solution of the system of equations (4) will be
The calculated concentrations of deep and shallow − acceptor impurities in different samples of GaAs:Mn are shown in Table 1 .
Discussion
In p-type GaAs, the spin relaxation time does not depend on the pumping power if donor concentration is smaller than the shallow acceptor concentration Ref. [7] . To obtain long spin relaxation time in the p-type GaAs:Mn with a manganese deep concentration of approximately Therefore, the total effective magnetic field of the Mn atom will be compensated and will not influence electron spin relaxation in the p-type GaAs:Mn. Thus, for further consideration, it is worthwhile to consider samples 5, sample 12, sample 21, and sample 22 of GaAs:Mnfrom Table   1 to obtain long-spin relaxation times in p-type GaAs. In a 2D quantum well of Mn-doped GaAs, electron spin relaxation time will be twice shorter than in the 3D material as it is described by the derived Equation (12) in Ref. [7] . The ratio of − , however, is 7.12 × 10 −2 for the quantum well of GaAs:Mn. Fig.1 shows the plotted dependences of electron-spin relaxation times on the excitation power for 2D and 3D ptype Mn-doped GaAs. The maximum-reached spin relaxation times for the 2D and 3D material are 77 and 154 , respectively. The reduction of electron-spin relaxation time in the quantum well in comparison with 3D GaAs:Mn is due to the decrease of manganese concentration and the rate of hole recombination from the valence band to manganese levels. The ratio of the rate of hole recombination from the valence band to manganese levels to the rate of electron recombination from the conduction band to manganese levels for the quantum well is 7 almost four times less than for the bulk material. Thus, the effective magnetic field produced by the spins of the manganese ions will be larger for the quantum well. The enhancement of the spin relaxation rate in the quantum well compared to the bulk, according to Dyakonov-Perel mechanism 10 is dominant contribution and is equivalent to , where is the s-d exchange coupling constant, * is the effective mass, is determined by the confinement of the quantum well. is inverse proportional to Mn concentration, .
Conclusion
The obtained electron spin relaxation time of 77 ns for the p-type quantum well GaAs:Mn is very long in comparison with earlier-reported results for p-type GaAs. Thus, the materialp-type 2D and 3D GaAs:Mn demonstrates its effectiveness for usage in different nanostructures with the determined concentrations of deep and shallow impurities. The composition of the material is significant at the growth process and should be accounted for when choosing the growth method as well as the growth parameters of the material. 
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